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Abstract 

A wide range of desirable properties has made formic acid (FA) a favored liquid organic hydrogen carrier in 
recent years. The state-of-the-art homogenous catalysts generally require a base as an additive in a certain 
solvent to promote FA dehydrogenation. However, it is crucially important to carry out the reaction without the 
use of a solvent or any volatile additive in order to achieve optimal efficiency in the process. Herein, we report 
a series of iridium compounds having an azocarboxamide ligand backbone capable of decomposing FA 
exclusively into H2 and CO2 without the need to use solvents or volatile additives. Under the optimized reaction 

conditions, a maximum TOF of 12,500 h-1 was achieved with no formation of CO. 
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Introduction 

 

The development of society is correlated with the consumption and utilization of energy. Primary energy 

consumption has grown from 10037 Mtoe in 2000 to 14314 Mtoe in 2018.1, 2 Approximately 80% of the world’s 

energy consumption has been fueled by fossil fuels including natural gas, oil, and coal,1-3 leading to the emission 

of carbon dioxide (CO2), which is positively correlated to the substantial rise in the average global atmospheric 

CO2 concentrations from 280 ppm in the preindustrial times to ~420 ppm in 2022.4,5 The capacity of the natural 

sink (forest, soil, and ocean) to store and remove CO2 from the atmosphere was limited.6 The resulting 

anthropogenic greenhouse effect is believed to be responsible for climate change, increase in global 

temperature, ocean acidification, sea level rise, etc,6 and meeting the goal of maintaining global temperature 

increase below 1.5°C by 2050 is challenging.6, 7 Out of all sectors, the transportation sector is heavily reliant on 

fossil fuels, accounting for approx. a quarter of overall CO2 emissions in 2021.8 CO2 emission in the 

transportation sector has bounced back from 7.1 Gt in 2021 to 7.7 Gt in 2022 after the pandemic restrictions 

were relaxed and vehicle movements began corresponding to their unprecedented drop in 2020.9 Thus, to 

mitigate the environmental issues and climate change, and to address the concern posed by the depletion of 

fossil fuels the development of clean, sustainable and renewable or low-carbon energy technology is urgently 

needed.10, 11  

The most well-known choices for these technologies include renewable biofuels, nuclear power, solar, wind, 

and hydroelectric energy. Nonetheless, the intermittency of renewable energy suggests that energy carriers are 

needed for the transportation sector to be electrified to reduce its carbon footprint.12 However, the 

electrification of the transportation sector faces significant challenges due to the low volumetric and gravimetric 

energy densities of batteries, as well as their relatively short lifespan, which could lead to costly replacement 

and recycling procedures.13 In this regard, hydrogen (H2) is considered as a potential substitute that provides 

intermediate energy storage between power generation plants and end-user applications.14-18 In 2019, 

International Energy Agency predicted that H2 may play a crucial role in a clean, secure, and affordable energy 

future.19 According to the 1.5°C roadmap proposed by the International Renewable Energy Agency (IRENA), 

electrification and efficiency are the main transitional forces facilitated by renewable energy, clean hydrogen, 

and sustainable biomass.3  The gravimetric energy density of H2 is high (33.3 kW·h/kg) and can be efficiently 

turned into power by the fuel cells with water being produced as the byproduct in the process.20 However, due 

to hydrogen's low volumetric energy capacity, there is a significant energy loss during compression and 

liquefaction, and its storage time is short because it boils out during transit.18 Furthermore, the lack of viable 

storage and transportation technologies has significantly limited the applications of H2.18, 21-23 

Liquid organic hydrogen carriers (LOHCs) can provide an alternate solution by eliminating the step for 

compression and paving a safer path through chemically bonding hydrogen to a stable organic liquid carrier.24 

LOHCs follow the concept of hydrogenation and dehydrogenation process via reversible chemical reactions.25, 

26 They provide a safer, cost-effective and feasible pathway to transport hydrogen.26 Formic acid (FA) is the most 

basic form of carboxylic acid and a versatile chemical and liquid under ambient conditions. FA has drawn a lot 

of interest as a promising candidate for LOHC as it has a reasonably high H2 content (4.38 wt %), environmentally 

benign low toxicity and low flammability under normal circumstances.1, 12, 27 Its volumetric capacity is high (53g 

H2/L), comparable to the volumetric capacity of the commercial compressed H2 tank at 700 bar, indicating that 

FA's energy density is appropriate for H2 equivalent uses.1, 12, 28 

Various complexes based on transition metals, such as iron29-31, rhodium32, 33, ruthenium34-38 and iridium,39-

41 have been reported as active catalysts for formic acid dehydrogenation. These reactions often require the aid 

of the FA/NEt3 azeotrope42-44, FA/formate40, 45, 46 mixtures to achieve the enhanced activity. However, the 
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efficiency of the process may be affected by the use of solvents and other substances that may easily evaporate. 

In this regard, neat FA dehydrogenation may be advantageous to achieve high H2 carrying capacity. In recent 

years, some instances of homogenous catalysts made up of iridium and ruthenium metal complexes have been 

documented to accomplish neat FA dehydrogenation. Williams and co-workers in 2016 investigated an iridium-

based catalyst for neat formic acid dehydrogenation and reported a high TON of 2.16 million.47 In 2017, the 

Gelman group studied an amine-functionalized Ir(III)-PC(sp3)P catalyst that resulted in a TON of 383,000 and a 

TOF of 11,760 h-1 under neat conditions.48 Fischimeister and co-workers in 2019, also reported IrCp* 

(dipyridylamine) catalyst for the dehydrogenation of neat formic acid achieving TOF of 13,292 h-1 at 100°C.49 

Recently, the Milstein group has achieved a high TON of 1,701,150 for FA dehydrogenation in neat conditions 

employing a ruthenium 9H-acridine pincer complex.50 As part of our continuous efforts in designing and 

developing catalysts for FA dehydrogenation, herein, we report the synthesis and characterization of a set of 

iridium complexes with an azo backbone. The catalytic aptitude of the title complexes towards FA 

dehydrogenation under neat conditions was also evaluated.  

 

 

Results and Discussion 
 

Treatment of N-bromosuccimide with hydrazine-carboxamide derivatives (L1, L2) in the presence of pyridine, 

afforded the deep red-colored azo-carboxamide ligands (L3, L4) (Scheme 1). 1H NMR of ligand L3, shows all the 

characteristic spectra along with the absence of N-H proton of L1 at  7.70 ppm and 8.10 ppm. The aromatic 

protons and singlet of the methyl proton have been shifted downfield as compared to L1. A very similar 

characteristic pattern was observed for L4 where the disappearance of N-H proton of L2 at   7.99 ppm and 7.79 

ppm, confirmed the formation of an azo backbone.  

Ligand L3 was deprotonated in the presence of trimethylamine (NEt3) and the subsequent addition of 

[Cp*IrCl2]2 afforded a green-colored complex Ir-1 at room temperature. The compound Ir-1 showed signals in 

the 1H NMR that corresponded to the aromatic protons ( 7.99–7.20 ppm). When compared to the initial 

precursor, the singlet of the methyl group from the azo-carboxamide ligand L3 and Cp* appeared at  2.31 ppm 

and 1.22 ppm, both showing a similar but somewhat upfield-shifted spectrum. The disappearance of −NH proton 

at  8.43 ppm in Ir-1 complex indicated the deprotonation and the amide nitrogen coordination to the metal. 

A similar procedure was followed to synthesize Ir-2 complex using L4 ligand (Scheme 2). The 1H NMR 

spectrum of the Ir-2 complex appeared in the aromatic region at  7.85−6.91 ppm which was shifted to upfield 

as compared to the free ligand (L4) and the singlet for the two-methyl group of azo-carboxamide ligand was 

observed at  2.27 and 2.28 ppm. The singlet corresponding to the methyl of the Cp* ligand at  1.22 ppm was 

also shifted upfield as compared to the precursor. The absence of N-H proton at  8.26 ppm confirmed the N,N 

coordination to the metal center. The complexes Ir-1 and Ir-2 were air-stable and were purified and isolated by 

column chromatography over basic alumina. The green crystal for each complex, Ir-1 and Ir-2, were afforded by 

a slow diffusion hexane in a dichloromethane solution and were characterized by X-ray crystallography (Figure 

1 and Figure 2). 
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Scheme 1. Synthesis of Ligand, L3 and L4. 

 

       
 

Scheme 2. Synthesis of Iridium complexes, Ir-1 and Ir-2. 
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Figure 1. Crystal structure of complex Ir-1. Selected Bond lengths(Å) and bond angles(°): Ir1A N1 2.069(3); Ir1A 

N3 2.029(3); Cl1A Ir1A 2.4079(9); C20 Ir1A 2.190(3); C19 Ir1A 2.185(4); C18 Ir1A 2.199(4); C17 Ir1A 2.205(4); C16 

Ir1A 2.153(4); N3 Ir1A N1 73.83(12); N3 Ir1A Cl1A 89.21(9); N1 Ir1A Cl1A 88.16(9). 

 

 
 

Figure 2. Crystal structure of complex Ir-2. Selected Bond lengths(Å) and bond angles(°): Ir1 N1 2.068(2); Ir1 N3 

2.023(2); Ir1 C19 2.163(3); Ir1 C15 2.186(3); Ir1 C16 2.192(3); Ir1 C18 2.202(3); Ir1 C17 2.205(3); Ir1 Cl1 2.4055(7); 

N3 Ir1A N1 73.95(12); N3 Ir1A Cl1 89.30(8); N1 Ir1A Cl1 88.07(9).       

 

The Ir center creates a half-sandwich piano-stool geometry with three legs in both complexes (Ir-1 and Ir-

2). The legs of Ir-1 and Ir-2 are occupied by Nazo, Namide, and Cl, and the seat of the piano-stool is occupied by the 

Cp* ring. Except for small experimental variances, all complexes exhibit almost similar bond lengths and bond 

angles. The Cp* ring coordinates with the Ir center in ƞ5 fashion, where the centroid of the Cp* ring and the Ir 

centers are separated by 1.812 Å for complex Ir-1 and 1.816 Å for complex Ir-2, respectively (Table 1). The Ir-

Nazo bond length in Ir-1 (2.029 Å) is slightly shorter than in Ir-2 (2.023 Å); however, Ir-Namide bond lengths are 

very similar.  Ir-Cl bond length in Ir-2 (2.4055 Å) is shorter than Ir-1 (2.4079 Å) (Table 1). 
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Table 1. Comparison of selected metric parameters in Ir-1 and Ir-2 

Metric parameters Ir-1 Ir-2 

Ir–Cl 2.4079(9) 2.4055(7) 

Ir–N(Azo) 2.029(3) 2.023(2) 

Ir–N(Amide) 2.069(3) 2.068(2) 

Ir–cp*(centroid) 1.812(2) 1.816(2) 

N−N(ligand) 1.266 1.261 

N∧N chelating angle 73.83 73.94 

 

Formic acid dehydrogenation 

We initially conducted the dehydrogenation of formic acid using complex Ir-1 under neat conditions and in the 

presence of sodium formate (NaOOCH). 10 µmol of Ir-1 in the presence of sodium formate with acid-base ratio 

2 at 90°C resulted in a TOF of 9700 h-1 with incomplete conversion (Table 2, entry1). However, employing 10 

µmol of Ir-2 afforded a TOF of 10600 h-1 with 95% conversion (Table 2, entry 2). With a better performing Ir-2, 

further screening with the different ratios of acid-base equivalent at 90°C was studied. A decreased TOF of 9300 

h-1 was observed on decreasing acid-base ratio to 1 (Table 2, entry 3). Even, by increasing the acid-base ratio to 

4, the TOF was decreased to 6000 h-1 with an incomplete conversion (Table 2, entry 4). As no gas evolution was 

observed without base (Table 2, entry 5), which confirmed that it plays a crucial role. A different base, Et3N 

resulted in no gas evolution (Table 2, entry 6).  FA dehydrogenation dependence on catalyst loading was further 

screened. The incomplete conversion was observed when the catalyst loading was reduced to 5 µmol (Table 2, 

entry 7). While on using 15 µmol, both catalysts Ir-1 and Ir-2 showed no further improvement (Table 2, entries 

8 and 9). The effect on TOF at different reaction temperatures was also studied using complex Ir-2. The reactivity 

of the reaction has significantly decreased with a TOF of 5300 h-1 on lowering the temperature to 80°C (Table 2, 

entry 10) and slightly improved reactivity was observed with a TOF of 12500 h-1 on elevating the temperature 

to 100°C (Table 2, entry 11). Gas volume at different temperatures with respect to time for Ir-2 (10 µmol) has 

been depicted in the graph (Figure S1, supporting information).  

 

 
 

Figure 3. (A) The gas evolution over time to decompose FA at various temperatures. (B) Arrhenius plot for 

dehydrogenation of FA based on initial TOF values (for first 3 min) using Ir-2 complex. 
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Table 2. Ir-carboxamide catalyzed formic acid dehydrogenationa 

Entry Cat. T (°C) Cat. 

[µmol] 

Acid: Base H2+CO2 

[mL] 

Conversion [%]b TOF [h-1]c 

1 Ir-1 90 10 2 265 20 9700 

2 Ir-2 90 10 2 1230 95 10600 

3 Ir-2 90 10 1 1240 96 9300 

4 Ir-2 90 10 4 300 23 6000 

5d Ir-2 90 10 - - - - 

6e Ir-2 90 10 2 - - - 

7 Ir-2 90 5 2 710 55 7900 

8 Ir-2 90 15 2 1270 98 9900 

9 Ir-1 90 15 2 310 24 9000 

10 Ir-2 80 10 2 1210 94 5300 

11 Ir-2 100 10 2 1270 98 12500 

[a] General: No reaction occurred in the absence of catalyst. Sodium formate was used as a base, 

unless specified. A minimum of two times of each reaction were repeated with an error rate of 

less than 5%. [b] According to the gas produced, conversions were calculated (Details of the 

calculations in S.I.) [c] Based on the H2 production during the first 3 minutes, the maximum TOF 

was predicted.  (Details of the calculation in S.I.). [d] Reaction carried out occurred in the absence 

of base [e] Base: Et3N, instead of sodium formate was added to the reaction mixture. 

 

The generated gas was subjected to gas chromatography analysis to verify the catalyst's selectivity towards 

FA dehydrogenation. It revealed that the evolution of H2 and CO2 with no discernible CO production, exhibiting 

the selectivity Ir-azocarboxamibe catalytic system was remarkable, a necessity of any catalyst to be used in 

practical applications (Figure 4). Additionally, we evaluated the reaction's activation energy (Ea) throughout a 

temperature range of 60 to 100 °C.  The TOFs of the reaction at 60 °C and 70 °C were found to be 2500 h-1 and 

3400 h-1, respectively (Table S1, supporting information). Gas volume has been depicted in the graph (Figure 

3A) at different temperature with respect to time. From the Arrhenius plot of the initial TOF values, the 

activation energy for the reaction was found to be 11.1 ± 0.9 Kcal/mol (Figure 3B). 

 

 
 

Figure 4. Composition analysis of the generated gas mixture by GC: FA dehydrogenation reaction products (H2 

+ CO2).  
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Conclusions 
 

To summarize, dehydrogenation of FA is a way to utilize it as a hydrogen carrier. To achieve a functional H2 

economy using FA as a potential hydrogen carrier for storage and transport, it is necessary to minimize the use 

of solvents and other volatile additives to maximize the efficiency and prevent the poisoning of fuel cells. With 

this realization of developing a FA dehydrogenation catalyst that performs under neat conditions, herein we 

have demonstrated a new class of iridium complexes having azocarboxamide ligand backbone. Both complexes 

were well characterized by spectroscopic techniques. Employing Ir-2 as a catalyst, a maximum TOF of 12500 h-1 

was achieved at 100 ºC under solvent-free condition. In both cases, carbon monoxide was not detected in the 

released gas demonstrating the high selectivity of the system. Further research is needed to fully evaluate the 

potential and usefulness of the catalyst's latent behavior. Currently, a detailed investigation is ongoing to 

elucidate the catalytic mechanism.  

 

 

Experimental Section 
 

General. Commercially available chemicals were used without further purification. If not stated otherwise, all 

experiments involving metal complexes were conducted in a glovebox with a dry argon environment or using 

normal Schlenk methods. All other chemicals were purchased and used exactly as they were given. The Ligands 

L151, L251, Ir-152 and Ir-252 were synthesized according to literature procedures. On a Bruker 600 MHz 

spectrometer, the 1H and 13C NMR spectra were recorded. On basic alumina gel (5 wt %), column 

chromatography was carried out using a DCM/ MeCN gradient (1:0:1:0). For GC analysis, a Techcomp GC7890II 

with a TCD and FID is used. X-ray diffraction data were collected on a Bruker D8 VENTURE/PHOTON100 CMOS 

diffractometer at 120 K for the complex Ir-1 150 K for the complex Ir-2. Mirror-monochromated Mo Kα radiation 

(λ = 0.71073 Å) source was used for data collection. For data processing, the SAINT1 packages were used. Multi-

scan absorption corrections were made for all the cases using the program SADABS21,2. Structures were solved 

by direct and Fourier methods and refined by full-matrix least squares based on F2 using olex-2.3 

 

Synthesis of Ligand (L1). Triethylamine (6.3 mmol) was added to the solution of phenylhyadrazine hydrochloride 

(3mmol) in dichloromethane (5 mL). 4-Methylphenyl isocyanate (3.3 mmol) was dissolved in 5 mL of 

dichloromethane and was added to the above reaction mixture through the syringe. The mixture was stirred for 

2 hours and finally washed with dichloromethane and hexane. The resulting white solid was dried under a 

vacuum. 1H NMR (500 MHz, DMSO-d6): δ 8.56 (b, 1H), 8.10 (b, 1H), 7.70 (b, 1H), 7.41-7.39 (d, J 8.1Hz, 2H), 7.19-

7.16 (t, 2H), 7.03- 7.02 (d, J 8.2Hz, 2H), 6.79-6.73 (m, 3H), 2.21 (s, 3H). 13C NMR (500 MHz, DMSO-d6): δ 156.64, 

149.44, 137.16, 130.51, 128.87, 128.77, 118.97, 118.85, 112.53, 20.33 

Synthesis of Ligand (L2). Triethylamine (6.3 mmol) was added to the solution of phenylhyadrazine hydrochloride 

(3 mmol) in dichloromethane (5 mL). 4-Methylphenyl isocyanate (3.3 mmol) was dissolved in 5 mL 

dichloromethane and was added to the above reaction mixture through the syringe. The mixture was stirred for 

2 hours and finally washed with dichloromethane and hexane. The resulting white solid was dried under a 

vacuum. 1H NMR (500 MHz, DMSO-d6): δ 8.23 (b, 1H), 7.95 (b, 1H), 7.79 (b, 1H), 7.50-7.49 (d, J 8.1Hz, 1H), 7.21-

7.18 (t, 2H), 6.95-6.92 (t, 2H), 6.82-6.81 (d, J 8.0Hz, 2H), 6.78-6.75 (t, 1H), 2.21 (s, 3H), 2.08 (s, 3H). 13C NMR (500 

MHz, DMSO-d6): δ 157.07, 149.37, 134.57, 132.60, 130.85, 129.43, 129.11, 126.77, 122.88, 119.44, 112.65, 

20.57, 17.58 
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Synthesis of Ligand (L3). The Ligand L3 was synthesized using a procedure slightly modified from a reported 

method.53 The stirred solution of N-(4-Methylphenyl)-2-phenylhydrazinecarboxamide (1 mmol) in 

dichloromethane (10 mL) was kept at 0°C. Pyridine (1 mmol) was added to this cold solution with stirring. 

Further, N-bromosuccinimide (1.02 mmol) was added over 5–6 min at 0°C. The mixture was further stirred for 

1 h and the color of the solution changed to deep red. The solution was washed with brine solution (3×20 mL) 

and dried over anhydrous sodium sulfate. On evaporating the solvent, deep red color solid was obtained in 92% 

yield. Experimental mp 104-106 °C. Reported mp 105-107 °C.53 The desired product was fully characterized by 
1H, 13C NMR spectroscopies. 1H NMR (500 MHz, CDCl3): δ 8.43 (b, 1H), 8.01-7.99 (d, J 8.0Hz, 2H), 7.63-7.59 (m, 

3H), 7.56-7.53 (t, 2H), 7.22- 7.20 (d, J 8.1Hz, 2H), 2.36 (s, 3H). 13C NMR (400 MHz, CDCl3): δ 156.88, 150.85, 

134.86, 134.09, 133.90, 129.73, 129.33, 124.13, 119.57, 20.89. ESI-MS (+ve): {[L3]+Na+}; C14H13N3ONa; Calcd. : 

m/z = 262.0951 ; found: m/z = 262.0967.  

Synthesis of Ligand (L4). The Ligand L4 was synthesized using a procedure slightly modified from a reported 

method.53 The stirred solution of N-(2,4-dimethylphenyl)-2-phenylhydrazinecarboxamide (1 mmol) in 

dichloromethane (10 mL) was cooled at 0°C. Pyridine (1 mmol) was added to this cold solution with stirring.  

Further, N-Bromosuccinimide (1.02 mmol) was added over 5–6 min at 0°C. The mixture was further stirred for 

1 h and the color of the solution changed to deep red. The solution was washed with brine solution (3×20 mL) 

and dried over anhydrous sodium sulfate. On evaporating the solvent, deep red color solid was obtained in 92% 

yield. The desired product was fully characterized by 1H, 13C NMR spectroscopies. 1H NMR (500 MHz, CDCl3): δ 

8.26 (b, 1H), 8.01-7.99 (d, J 8.0Hz, 2H), 7.63-7.59 (m, 3H), 7.56-7.53 (t, 2H), 7.22- 7.20 (d, J 8.1Hz, 2H), 1.48 (s, 

9H), 2.36 (s, 3H).13C NMR (500 MHz, CDCl3): δ 157.33, 150.97, 135.50, 134.10, 132.19, 131.45, 129.53, 128.83, 

127.75, 124.37, 121.83, 21.04, 17.65. ESI-MS (+ve): {[L4]+Na+}; C15H15N3ONa; Calcd. : m/z = 276.1107 ; found: 

m/z = 276.1117. mp 108-110 °C. 

Synthesis of Ir-1. To a stirred solution of Ir precursor [Cp*IrCl2]2 (79.7 mg, 0.1 mmol, 1 equiv) in dichloromethane 

(10 mL), N,2-diphenyldiazenecarboxamide L1 (45.1 mg, 0.2 mmol, 2 equiv) and triethylamine (0.2 mL, 1.4 mmol, 

14 equiv) were added and was stirred for 24 h at room temperature. After completion, the solvent was removed 

under rotavapor and then further purified over alumina with a DCM/MeCN gradient (1/1) and the green product 

was isolated (45 mg, 0.08 mmol, 40%). mp 230-232 °C.The single crystal was grown up by slow diffusion of 

hexane into dichloromethane. 1H NMR (500 MHz, CDCl3): δ 7.94-7.93 (d, J 6.2Hz, 2H), 7.51-7.54 (m, 5H), 7.12-

7.11 (d, J 8.0Hz, 2H), 2.31 (s, 3H), 1.23 (s, 15H). 13C NMR (400 MHz, CDCl3): δ 173.42, 154.48, 143.88, 134.79, 

132.80, 129.16, 128.77, 125.61, 124.18, 90.95, 21.26, 8.34. ESI-MS (+ve): {[Ir-1]+H+}; C24H27ClIrN3OH; Calcd.: m/z 

= 602.1537 ; found: m/z = 602.1469.  

Synthesis of Ir-2. To a stirred solution of Ir precursor [Cp*IrCl2]2 (79.7 mg, 0.1 mmol, 1 equiv) in dichloromethane 

(10 mL), N,2-diphenyldiazenecarboxamide L1 (45.1 mg, 0.2 mmol, 2 equiv) and triethylamine (0.2 mL, 1.4 mmol, 

14 equiv) were added and was stirred for 24 h at room temperature. The solvent was removed under rotavapor 

and then further purified over alumina with a DCM/MeCN gradient (1/1) and the green product was isolated 

(45 mg, 0.08 mmol, 42%). Mp 237-240 °C.The single crystal was grown up by slow diffusion of hexane into 

dichloromethane. 1H NMR (500 MHz, CDCl3): δ 7.86-7.85 (m, 2H), 7.60-7.58 (d, J 5.9Hz, 1H), 7.52-7.50 (m, 3H), 

6.99 (s, 1H), 6.92-6.91(d, J 5.9Hz, 1H), 2.28 (s, 3H), 2.27 (s, 3H), 1.22 (s, 15H); 13C NMR (400 MHz, CDCl3): δ 

172.34, 154.56, 142.36, 135.14, 133.88, 132.44, 130.52, 128.75, 127.22, 125.12, 123.74, 91.44, 21.15, 18.86, 

8.42. . ESI-MS (+ve): {[Ir-2]+H+}; C25H29ClIrN3OH; Calcd.: m/z = 616.1694 ; found: m/z = 616.1594.  

General procedure for formic acid dehydrogenation. Formic acid dehydrogenation experiments were 

performed in a two-necked round flask equipped with a reflux condenser and a magnetic stirrer at the required 

temperature. The measured amount of formic acid was 1 mL (26.5 mmol). Out of this, 300 μL of FA was dissolved 

with the catalyst to prepare the stock, while the remaining 700 μL was mixed with sodium formate (0.9 g, 13.5 
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mmol). FA and sodium formate mixture were added to the flask and heated to the desired temperature. Once 

the temperature attained, the catalyst stock solution in FA was added. The evolution of the generated gas was 

observed and monitored using an ADM G6691A flowmeter simultaneously. The data was collected in every 2 s 

to the computer by lab view. 
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